
p i  

/“ 

I ’  

/’ 

i 

--_ --_ .- rc- Final Report. 

21 S e p e  1960 - 9 M~I&-1962 * - - ---, . 
e i g m  OF Rmxmu~IVis. -me&.--&-- 

Prepared for 
National Aeronautics and Space Administration 
Western Operations Off ice 
Santa Monica, California 

__, 
r’ 

Prepared by * f l .T4/  
Harvey A. Frank 
Project Supervisor 

Approved by 

C.W. Stephens 
Acting Manager 
Chemical Systems Department 

Approved by 

J. Neustein, Manager 
ADVANCED POWER SYSTEMS DIVISI 

ELECTRO-OPTICAL SYSTWS, INC. PASADENA, CAL 



1. 

2 .  

3. 

CONTENTS 

SUMMARY 

Pane 
1 

REVIEW OF OBJECTIVES 5 

SuME4ARY OF EXPERIMENTAL PROGRAM 7 

4. EXPERIMENTAL TECHNIQUES 9 

5.  

6 ,  

4.1 Electrode Preparations 

4.1.1 Preparation of Platinized Nickel 

4.1.2 Radioactive Electrodes 

4.1.3 Preparation of Carbon Electrodes 

4.1.4 

Electrodes 

Preparation of Lithiated Nickel Oxide 
Electrodes 

4.2 Electrolyte Preparation 

4.3 Spacers for Multicell 

4.4 Assembly of Multicell 

4.5 Temperature, Pressure, and Voltage Measurements 

4.6 Polarization Tests’ 

4.7 Conduct of Charge Retention Tests 

4.8 Conduct of Cycle Tests 

DESCRIPTION OF EXPERIHJZNTAL CELLS 

5 . 1  Description of Cell A 

5.2 Description of Cell B 
5.3 Description of Multicell 

9 

11 

11 
13 

13 

13 

13 

14 
14 

15 

15 

17 

19 

5.4 Description of Ag-H Cell 23 

RESULTS AND DISCUSSION 25 

6.1 Characteristics of Cell A 25 

6.1.1 Polarization Characteristics 25 

6.1.2 Cycle Life 25 

6.1.3 Effect of Parameters on Cycling Performance 25 

1584-Fi~l i 

I 



CONTENTS (cont) 

6.2 Characteristics of Cell B 
6.2.1 Charge Retention 

6.2-2 Polarization Studies 

6-2-3 Cycle Life Testing 

6.2.4 Capacity 

6.2.5 Environmental Testing 

6.2.6 Effect of Overcharge 

6.2.7 Effect of Sudden Pressure Release 

6.2.8 Effect of Pressure Differential 

6.2.9 Mufticell 

6.3 Characteristics of Cell C 

7. CONCLUSIONS 

REFEREMCES 

Page 

26 

26 

29 

33 

35 

3 6  

39 

40 

41 

42 

45 

47 

49 

1584-Fir~tl  ii 



Figure 

1 

2 

3 

4 

5 

6 

7 
8 

9 
10 
11 

13 

14 

15 
16 

17 
18 

19 

20 

21 
22 

23 

ILLUSTRATIONS 

Controlled atmosphere furnace for electrode 
preparation 

Components of cell A 

Components of cell B 
Six cell assemblies 

Cell spacer 

Mu 1 t i-ce 11 assemb fy 

Nine e'fement fuel cell 

Schematic of silver hydrogen cell 

Voltage-current curves of cell A 

3 0  day charge retention test 

Discharge Characteristics after 3 0  day stand 

arge retention as a function of temperature 
various pressures 

Oxygen electrode evaluation 

Effect of pressure on polarization 

Effect of temperature on discharge polarization 

Typical 6 5 / 3 5  cycle at 70°F 

Typical 601300 cycle 

Typical 6 5 / 3 5  cycle at 20O0F 

Voltage vs time before and after environmental 
tests 

Polarization before and after environmental tests 
Discharge characteristics after overcharge 

Voltage vs time as a function of temperature 

Polarization of 9 cell unit 

1584-Final iii 

Page 

12 

16 

18 
18 
20 

2 0  

21 

22 

24 

27 

27 

28 
31 

3 2  

3 2  

34  

34 

34 

37 

37 

38 

43  

43  



1. SUMMARY 

The ob jec t ive  of t h i s  program has  been t o  develop and evaluate  the 

c h a r a c t e r i s t i c s  of a regenerative hydrogen-oxygen f u e l  c e l l .  

The i n i t i a l  experimental program w a s  concerned with the  eva lua t i cn  

of the proposed c e l l .  This c e l l  w a s  unique i n  the  method of s t o r i n g  t h e  

gases; i.e. hydrogen was stored wi th in  a porous n i cke l  e l ec t rode  i n  :he 

chemisorbed s t a t e  and oxygen was s to red  as a compressed gas i n  t h e  pores 

of i t s  electrode as w e l l  as the pores of a p a r t i a l l y  sa tu ra t ed  asbestos  

bed surrounding t h e  two electrodes.  The c e l l  was a l s o  unique i n  t h a t  

i ts operat ing temperature range was.200 to  300 F. The i nves t iga t ions  

cons i s t ed  i n i t i a l l y  of evaluating the  e f f e c t s  of t h e  c o n t r o l l a b l e  

parameters (temperature, e l e c t r o l y t e  con ten t ,  and e l ec t rode  composition) 

on t h e  voltage and current  e f f i c i ences  f o r  t he  100 z i n u t e  cycle  ( cons i s t -  

0 

i n g  of a 65 minute charge and a 35 minute discharge) .  Subsequent inves- 

t i g a t i o n s  consis ted of the  determination of t he  c e l l ' s  vol tage-current  

c h a r a c t e r i s t i c s ,  capaci ty ,  and charge r e t e n t i o n  c h a r a c t e r i s t i c s .  

The l a t t e r  inves t iga t ions  indicated t h a t  the proposed c e l l  configur-  

a t i o n  w a s  unsui table  as t h e  r e s u l t s  revealed t h a t  t h i s  c e l l  l o s t  nea r ly  

a l l  of i t s  charge i n  two hours. Analysis of the  p o s s i b l e  cause f o r  t he  

r ap id  s e l f  discharge indicated t h a t  the  ra te  might be lessened by modi- 

fy ing  the  c e l l  configurat ion and s t o r i n g  the  gases i n  sepa ra t e  containers .  

Inspect ion of t he  f u e l  c e l l  l i t e r a t u r e  a l s o  indicated t h a t  operat ion a t  

room temperature would be possible i f  t h e  negat ive n i c k e l  e l ec t rode  were 

t o  be ac t iva t ed  with a coat ing of platinum black. 

Fabrication and t e s t i n g  of a c e l l  wi th  the  above modif icat ions 

e s t ab l i shed  t h a t  the  s e l f  discharge r a t e  w a s  markedly reduced and t h a t  

the c e l l  could d e l i v e r  reasonable cu r ren t s  a t  room temperature. The 

experimental e f f o r t  f o r  the balance of t h e  program w a s  devoted t o  the  

development and t e s t i n g  of t h i s  ce l l .  
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The s e l f  discharge rate w a s  measured over a wide range of  temper- 

a t u r e s  t o  3cJo0F and pressures  t o  SO0 ps ig .  

a very s t rong  func t ion  of temperature beyond 200 F and nea r ly  indepen- 

dent  of pressure  t o  500 psig. The rate was found t o  be e s s e n t i a l l y  

ze ro  a t  a l l  temperatures below 170OF. 

The rate w a s  found t o  be 
0 

The c e l l ' s  vol tage-current  Charac t e r i s t i c s  w e r e  determined as a 

func t ion  of over 30 d i f f e r e n t  t y p e s  of  oxygen e l ec t rodes  wi th  a 

p l a t i n i z e d  n i cke l  hydrogen e l e c t r o d e .  

a rad ioac t ive  t r e a t e d  e l ec t rode  from a b a t t e r y  supp l i e r ,  w a s  found t o  

e x h i b i t  s i g n i f i c a n t l y  less Polar iza t ion  than a l l  of the o the r s .  The 

p o l a r i z a t i o n  with a p l a t i n i z e d  nickel  oxygen e l ec t rode  w a s  found t o  

be somewhat greater than that w i t h  t h e  r ad ioac t ive  e lec t rode ,  b u t  

somewhat less than most  of the  others .  With p l a t i n i z e d  n i c k e l  f o r  

both H and 0 the  voltage-current characteristics w e r e  determined 

as a func t ion  of pressure  and temperature. 

One of t h e s e  oxygen e l e c t r o d e s ,  

2 2 

Three cycle  l i f e  tests were i n i t i a t e d  and are i n  progress  a t  t h e  

wr i t i ng  of t h i s  r e p o r t .  

shallow cyc les  cons i s t ing  of a 65 minute 

35 minute discharge a t  0.200 amp a t  room temperature.  

has success fu l ly  completed over 150 of the  s a m e  cyc les  a t  200 F. 

t h i r d  has  success fu l ly  completed 70 deep cyc les  c o n s i s t i n g  of a 60 

minute charge a t  1.0 amp and a 300 minute discharge a t  0.2 amp a t  

roam temperature. 

One c e l l  has  success fu l ly  completed over 1100 

charge a t  0,125 amp and a 

Another ce l l  

A 0 

Addit ional  i nves t iga t ions  on t h i s  c e l l  include t h e  e f f e c t  of 

v i b r a t i o n ,  shock, and acce lera t ion  on performance. The s a f e t y  hazards  

involved i n  excessive overcharging and the  sudden release of pressure  

of one gas w e r e  a l s o  invest igated.  

w e r e  found t o  have any e f f e c t  on performance and no apparent s a f e t y  

hazards a r e  involved i n  t h e  operation of the  c e l l .  

None of t he  above environmental tests 

Development and t e s t i n g  of a 9 c e l l  u n i t  was success fu l ly  c m p l e t e d  

during the  la t ter  por t ion  of the program. 

6 inches by 8 inches long,  has  a t o t a l  weight of 10.5 l b s .  

The c y l i n d r i c a l  shaped u n i t ,  

The f u e l  c e l l  
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por t ion  of the  u n i t  cont r ibu tes  2.0 Ibs. and the  balance is due to the 

gas cjrfiders, ead-plates, etc, The unit can d e l i v e r  up to 25 watts. 

P r e f b i n a r g  eva lua t ion  of a "silver-hydrogen" c e l l  w a s  a lso c a r r i e d  

ou t  during t h e  l a t te r  p ion of t he  program. Based on the  f i r s t  tesr 
r e s u l t s  the system o f f e r s  a p o t e n t i a l l y  high power e f f i c i e n c y  of over 

90 percent .  

Future work i n  t h i s  program should be devoted t o  the  f u r t h e r  de- 

the  m u l t i c e l l .  The u n i t  should be redesigned so as to  

1 weight, hea t  t r a n s f e r  s t u d i e s  should be c a r r i e d  out t o  

requi red  insu la t ion  necessary €or a given opera t ing  tem- 

pera ture .  Addit ional  u n i t s  may then be designed f o r  given app l i ca t ions ,  

f a b r i c a t e d ,  and t e s t ed .  

1584-Final 3 



2. REVIEW OF OBJECTIVES 

The o v e r a l l  ob jec t ives  of t h i s  programhave been t o  develop and then 

ev&ttatc t h e - c h a r a c t e r i s t i c s  of a regenera t ive  hydrogen-oxygen f u e l  cel l .  

The s p e c i f i c  ob jec t ives  for each qua r t e r  have been as follows: 

The objec t ive  was t o  design and f a b r i c a t e  a corrosion proof 

leak t i g h t  c e l l  and assemble a l l  measuring equipment. 

2nd qua r t e r  

The objec t ive  was t o  i n v e s t i g a t e  the  e f f e c t s  of a l l  t h e  con- 

t r o l l a b l e  parameters on the vol tage  and cu r ren t  e f f i c i e n c y  of t h i s  

c e l l  for the  65/35 cycle .  

3rd qua r t e r  

The objec t ive  w a s  t o  complete the  parametr ic  s tudy which had 

been i n i t i a t e d  during the  2nd qua r t e r .  An a d d i t i o n a l  ob jec t ive  

w a s  t o  measure the charge r e t e n t i o n  c h a r a c t e r i s t i c s  of t h i s  c e l l  

and examine the f ac to r s  which a f f e c t e d  t h i s  c h a r a c t e r i s t i c .  

4 th  qua r t e r  

The charge r e t en t ion  s t u d i e s  i n  the  3rd qua r t e r  revealed 

t h a t  the  charge r e t en t ion  of the  c e l l  w a s  very low. 

a l s o  revealed t h a t  i f  a c e r t a i n  modif icat ion w e r e  made i n  the  c e l l  

conf igura t ion ,  then the  charge retention w a s  g r e a t l y  increased.  

Another f ind ing  during th i s  q u a r t e r  w a s  t h a t  t he  use of d i f f e r e n t  

types of e lec t rodes  permitted opera t ion  a t  lower temperatures.  

The ob jec t ive  during the  4th qua r t e r  then w a s  t o  cons t ruc t  two 

add i t iona l  c e l l  models with the  above modi f ica t ions  and measure 

the charge r e t e n t i o n  a t  various condi t ions  of temperature and pres-  

sure .  Another ob jec t ive  was to begin a search  fo r  improved oxygen 

e l ec t rodes  which would lower the c e l l  p o l a r i z a t i o n  a t  the  lower 

temperatures. 

The s t u d i e s  

1584-Final 5 



5th quarter 

The objective was to continue the evaluation of the modified 

cell. The evafuation of the effects of temperature and pressure 

on charge retention was to be continued. 

tion was to consist of a study of the effects of continued cycling 

on performance. The oxygen electrode evaluation was to be con- 

tinued and the design of a multicell unit was to be initiated. 

6th quarter 

In addition the evalua- 

The objective was to continue the evaluation of the modified 

cell. 

multicell unit. 

studies were to be continued. 

Special emphasis was to be placed on the development of the 

The charge retention, cycle life, and polarization 
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3.  SLMMARY OF EXPERIMENTAL PROGRAM 
During t h e  f i r s t  s i x  months o f  t h i s  program the  experimental e f f o r t  

w a s  concerned with the  evaluation o f  t he  proposed c e l l  configuration. 

The i n i t i a l  s t e p  consis ted of developing a l eak  proof ,  corrosion resis- 

t a n t  vers ion of t he  proposed c e l l .  Next t he  techniques w e r e  devised f o r  

preparing l i t h i a t e d  n i cke l  oxide e l ec t rodes .  Three constant  cu r ren t  

power supp l i e s  with automatic cycling w e r e  assembled and seve ra l  ex- 

p lora tory  runs w e r e  c a r r i ed  out. Three i d e n t i c a l  c e l l s  were machined 

and a v a r i a b l e  study w a s  i n i t i a t e d .  

The next th ree  months were devoted exc lus ive ly  t o  t h i s  v a r i a b l e  

s tudy in  which the  e f f e c t s  of temperature, e l e c t r o l y t e  con ten t ,  and 

e l ec t rode  composition on the c e l l  performance w e r e  evaluated. 

Near the  end of t h i s  study i t  w a s  found t h a t  another  c e l l  charac- 

t e r i s t i c ,  t h a t  of charge r e t en t ion ,  w a s  r e l a t i v e l y  low. Analysis of 

the cause f o r  high self discharge indicated t h a t  improved charge r e t en -  

t i o n  c h a r a c t e r i s t i c s  should be brought about by modif icat ion of the  

e x i s t i n g  c e l l  configuration. Fabricat ion and t e s t i n g  of the modified 

c e l l  confirmed t h a t  the high se l f  discharge w a s  markedly reduced. 

Additional f indings a t  t h i s  time revealed t h a t  the operat ing range 

of the  c e l l  could be extended to  lower temperatures, v i a  the  use of 

p l a t i n i z e d  n i cke l  e lectrodes.  

Two add i t iona l  c e l l s  with the  above modif icat ions w e r e  f ab r i ca t ed  

and subjected t o  var ious tests. 

r e t e n t i o n ,  voltage-current r e l a t ionsh ip ,  capac i ty ,  and cycl ing charac- 

teris t i c s .  

Additional d a t a  w a s  obtained on charge 

During the  last  s i x  months four a d d i t i o n a l  models w e r e  f ab r i ca t ed  

and extensive t e s t i n g  w a s  carr ied out .  Over 50 charge r e t e n t i o n  tes ts  

w e r e  conducted a t  var ious conditions of temperature t o  300 F and pres-  

sure  t o  500 ps ig .  

oped i n  the  tubing e x t e r n a l  t o  t h e  c e l l s .  

0 

( In  a number Of t h e  i n i t i a l  tests gas l e a k s  devel-  

Data from such tests are 
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red unreliable.) Three different cycle life tests were initiated 

The cell polarization was measured with over 

The cell polarization was mea- 

and are still in progress. 

30 different types of oxygen electrodes. 
sured at several temperatures for a given pressure and at several pres- 

sures for a given temperature. The effects of vibration, shock, and 

acce OII performance were a l s o  determined. Design, fabrication 

and testing of a 9 cell unit was carried out during this period. 
~~~~ ~ 
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4. EXPEBIME”AL TECHNIQUES 

4.1 Electrode Preparat ions 

Unless otherwise noted, the  da t a  presented i n  t h i s  r e p o r t  i s  

based on a c e l l  containing p l a t in i zed  n i cke l  f o r  both €I2 and O2 e lec -  

trodes.  The p o l a r i z a t i o n  s tudies  have, however, included the  use of 

seve ra l  new types of oxygen electrodes.  The d e t a i l s  of prepara t ion  

of t hese  new oxygen e l ec t rodes  a s  wel l  as the  p l a t i n i z e d  n i cke l  e l e c -  

t rodes a r e  given below: 

4.1.1 Prepara t ion  of P l a t in i zed  Nickel Electrodes 

The p l a t in i zed  n i c k e l  e l ec t rodes  w e r e  prepared by im- 

mersion p l a t i n g  of the porous n icke l  e l ec t rode  i n  a 3 percent  so lu t ion  

of ch lo rop la t in i c  ac id .  The porous n i c k e l ,  0.022 i n .  t h i ck ,  was ob- 

ta ined from Gould National Batteries and w a s  designated as “ r a w  

unimpregnated p l a t e s . ”  The amount of s o l u t i o n  w a s  f ixed  on the  b a s i s  

of depos i t ing  40 mg of platinum per  square inch of e lec t rode .  

4.1.2 Radioactive Electrodes 

The rad ioac t ive  oxygen e l ec t rodes  w e r e  prepared by 

the  Yardney E l e c t r i c  Corporation. Several  base materials inc luding  

porous n i cke l ,  p l a t in i zed  porous n i cke l  as w e l l  as porous carbon, 

tantalum and s i l v e r  w e r e  impregnated with r ad ioac t ive  component. 

formation on the  na ture  of the r ad ioac t ive  component as w e l l  as t he  

method of impregnation may be obtained from the  Yardney Electr ic  

Corporation. 

In-  

4.1.3 Prepara t ion  of Carbon Electrodes 

Three types of carbon e l ec t rodes  have been employed 

i n  the  oxygen e lec t rode  t e s t s .  The p r o p e r t i e s  of these  carbons are 

l i s t e d  below: 

1584-Final 9 



Typel 
A 

B 

C 

Avg . Pore 
Porosity, Z Size, in. 

40 0 -0027 

60 0.0055 

36 3 10-5 to 4 10-4 
(range) 

The first step in the preparation of these electrodes 

was the machining of the proper size electrode, 1-5/8-in. dia., from 

the sample block.  The next step consisted of boiling the electrode in 

distilled water for 1 hr so as to rid the electrode of loose particles 

of carbon resulting from the machining step. 

given the special treatments described below, and then each was 

evaluated as an oxygen electrode. 

Each of the electrodes was 

a. Platinum black was applied to a type A electrode, 

according to the method described by Hunger ( 3 ) .  

Briefly, the method consists of brushing a solution 

of chloroplatinic acid on the electrode and then 

firing in air to decompose this compound and 

form platinum black. The amount of solution was 

based on t h e  deposition of 40 mg of platinum 
per square inch. 

b. Platinum black was applied to another type A 

electrode by spreading a moistened slurry of 

the black over one surface. Approximately 

100 mg was added per square inch. 

c. Types A ,  B, and C were impregnated with a 
mixture of oxides (spinels) , according to 
Kordesch (6). The particular spinel investigated 

was a silver, cobalt aluminate. 

'Type A and B were obtained from the National Carbon Co. and type C 
from the Speer Carbon Co. 
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d. Type  C was a c t i v a t e d  according t o  Hunger (3) .  B r i e f l y ,  

t h i s  method cons is ted  of an i n i t i a l  treatment with 50 

percent  n i t r i c  a c i d ,  followed by hea t ing  f o r  3 hr a t  

8OO0C i n  a C02 atmosphere, ( p u r i t y  99.95%), as shown 

i n  Fig.  1, 

e. Type C was given the  same treatment as i n  t he  preced- 

ing  s t e p  and i n  add i t ion ,  was coated with platinum 

black,  according t o  S tep  1. 

f .  Type A was impregnated with var ious  metal  oxides by 

immersion i n  a concentrated s o l u t i o n  of t he  metal  

n i t r a t e  followed by f i r i n g  i n  a i r  a t  2OO0C f o r  6 hours.  

4.1.4 Preparat ion of L i t h i a t e d  Nickel Oxide Elec t rodes  

Dif fe ren t  types of l i t h i a t e d  n i cke l  oxide e l ec t rodes  were 

employed f o r  cells A and B. 

For c e l l  A the porous n i cke l  was prepared by the  s i n t e r -  

i ng  of n i cke l  powder. Metals Dis in tegra t ing  Company MD151 w a s  screened t o  

obta in  the  p a r t i c l e s  between 44 and 74 microns i n  s i z e .  The powder w a s  

then placed i n  an alumina mold and s i n t e r e d  f o r  one hour i n  a hydrogen 

atmosphere a t  135OOC. 

For ce l l  B the porous n i cke l  was the  same a s  t h a t  employ- 

ed i n  Sect ion 4.1.1. 

I n  both cases  however, t he  l i t h i a t i n g  treatment was the 

same. The porous n icke l  was f i r s t  soaked i n  a lithium hydroxfde s o l u t i o n  

(11.15 gms LiOfI/ lOO ml) and then f i r e d  i n  a i r  a t  75OoC f o r  5 minutes. 

4.2 E l e c t r o l y t e  Preparation 
' 

The e l e c t r o l y t e  cons is t s  of a 35% s o l u t i o n  of potassium hydrox- 

ide  impregnated i n  an asbes tos  bed. The prepara t ion  of t h i s  e l e c t r o l y t e  

bed cons is ted  of c u t t i n g  t w o  c i r cu la r  d i s c s  of 1 / 3 2  inch asbes tos  shee t  

and s a t u r a t i n g  with the KOH solut ion.  The excess so lu t ion  w a s  removed 

by repeatedly b l o t t i n g  with a 

of so lu t ion  t o  weight of dry asbestos was 0.70/1.0. The amount i s  a l s o  

expressed as 2.0 gms so lu t ion / in  . 
together  and were ready f o r  i n se r t ion  within a c e l l .  

f i l t e r  paper u n t i l  the  r a t i o  of t he  weight 

2 The t w o  l aye r s  w e r e  then compressed 
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4.3 Spacers for Mult ice l l  

The ce l l  spacers were machined f r m  Plex 55, a special grade 

of l u c i t e  f o r  high temperature operat ion.  The spacers  are coated with 

a conductive l aye r  of n i cke l  approximately 2 m i l s  th ick .  

The app l i ca t ion  of t h e  conductive l a y e r  is  preceded by seve ra l  

s t eps .  F i r s t  the  su r face  is sand b l a s t ed  and then cleaned. The su r face  

i s  then s e n s i t i z e d  with a stannous ch lor ide  s o l u t i o n  and a t h i n  l a y e r  of 

s i l v e r  is appl ied  by the  formaldehyde reduct ion  of an ammoniacal silver 

so lu t ion .  F i n a l l y ,  the  n icke l  l a y e r  is appl ied from a sulfamate bath.  

4.4 Assembly of Mul t ice l l  

The assembly of the  m u l t i c e l l  u n i t  cons is ted  of i n s e r t i n g  the  

e l ec t rodes  and "0" r ings  i n  the appropr ia te  recessed a reas  of the  c e l l  

spacers  and then s tacking  the  spacers toge ther  with an e l e c t r o l y t e  l a y e r  

between each. 

ho le s  w e r e  a l igned and t h a t  the e l ec t rodes  did not  f a l l  out  of place.  

The s t a c k  was  then placed between the two end p l a t e s  and bo l t ed  togefher 

u n t i l  the  d is tance  between spacers was .035 +.005 inch. 

Spec ia l  care  was taken t o  be c e r t a i n  t h a t  t h e  gas manifold 

- 
4.5 Temperature, Pressure,  and Voltage Measurements 

C e l l  temperatures were measured with a chromel-alurnel thermo- 

couple in se r t ed  i n  a small  hole i n  the  c e l l  body. A Rubicon poten t io-  

m e t e r  was used f o r  E.M.F. measurements. G a s  p ressures  were measured 

with a pressure  transducer fo r  t he  f i rs t  cell  conf igura t ion  and with 

prec is ion  pressure gages (+1/2 percent  of f u l l  s ca l e )  f o r  t h e  second 

ce l l  configurat ion.  

tests with miniature  Rustrack recorders .  

C e l l  voltages w e r e  continuously recorded f o r  a l l  

4.6 Po la r i za t ion  T e s t s  

The t o t a l  c e l l  po lar iza t ion  w a s  obtained by use of the  con- 

s t a n t  cur ren t  power suppl ies .  The procedure cons is ted  of s e t t i n g  the 

cur ren t  t o  a given value f o r  e i t h e r  charge or discharge and then m e a -  

su r ing  the  c e l l  vol tage on a recorder .  Af t e r  each change i n  the  cur -  

r e n t  s e t t i n g ,  a time i n t e r v a l  of  approximately 3 min was requi red  before  

a s teady  s t a t e  vol tage was a t t a ined .  
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4.7 Conduct of Charge Retention Tests 

r e t e n t i o n  tests c i s t e d  of charging the  cel l ,  

hea t ing  to the des i red  temperature and then recording the  gas pressures  

and open c i r c u i t  vol tages  a t  frequent i n t e r v a l s  during a 72 hour stand. 

4.8 Conduct of Cycle T e s t s  

The cyc le  l i f e  tests w e r e  c a r r i e d  out  by connecting the  cel l  

t o  a constant current  power supply equipped with automatic cycl ing 

equipment. 

amps fo r  charge and discharge (the cur ren t  s e t t i n g  could be d i f f e r e n t  

f o r  each case), The automatic cycling equipment, designed for the  

100 minute cycle ,  maintained a charge time of 65 minutes and a d i s -  

charge time of 35 minutes. A small Rustrack recorder w a s  connected 

t o  the  c e l l  to keep a continuous record of the  c e l l  vol tage for each 

cycle.  

The power supply w a s  set at a given cur ren t  between 0-2 

14 15 84 -F i na 1 



5. DESCRIPTION OF EXPERIMENTAL CELLS 

A dese r ip t ion  of a l l  the  experimental  c e l l  iuudels t h a t  have been 

employed i n  t h i s  program i s  presented i n  this  section. 

r epor t s  (1,2) these  c e l l s  have been designated as C e l l  "A", C e l l  ltB" etc. 

A b r i e f  review of this  nmencla ture  i s  given below: 

I n  previous 

C e l l  "A": This is  the  i n i t i a l  c e l l  conf igura t ion  t h a t  was em- 

ployed a t  the s t a r t  of the program. The hydrogen is 

s tored  in the n i c k e l  e l ec t rode  and t he  oxygen i s  

s tored  throughout the  porous asbes tos  bed. 

C e l l  "B": This i s  the  modified c e l l  conf igura t ion  t h a t  has 

been employed f o r  t he  major po r t ion  of the  program. 

The hydrogen and oxygen are s to red  i n  miniature  gas  

cy l inders .  

Mul t ice l l :  This i s  a "scaled up" model of c e l l  "B" above. The 

u n i t  contains 3 c e l l s  i n  series. 

C e l l  "C": This i s  known as a "silver-hydrogen" c e l l .  A sub- 

program was i n i t i a t e d  t o  eva lua te  t h i s  c e l l  during the  

latter por t ion  of  the program. The hydrogen is stored 

i n  a s m a l l  cylinder as i n  c e l l  "B"; however, the oxygen 

e l ec t rode  is  replaced by a s i l v e r - s i l v e r  oxide e l ec t rode .  

5.1 Descr ipt ion of C e l l  A 

The components of c e l l  A are shown i n  Fig. 2 and are descr ibed 

be low : 

a. Hydrogen electrode:  s in t e red  porous n i cke l  d i s c ,  15/16 

inch diameter,  l l 8  inch th i ck ,  l i g h t l y  coated with l i t h i -  

a ted n icke l  oxide. 

b. Oxygen electrode: i d e n t i c a l  t o  hydrogen e l ec t rode  except 

more heavi ly  l i t h i a t e d .  

1584-Final 15 





C.  

d. 

C e l l  frames: pure n i cke l ,  machined t o  conta in  e l ec t rodes  

p lus  asbes tos ,  surface oxidized to form non-conductive 

n icke l  oxide. 

€nternal  configuration: e l ec t rodes  p a r a l l e l  and separated 

by l ayer  of 1/32 inch t h i c k  asbestos;  space between elec- 

t rodes and frames f i l l e d  i n  with asbes tos ;  t h i n  n icke l  

s t r i p s  connected to each e lec t rode  and i t s  respec t ive  

c e l l  frame. 

5.2 Descr ipt ion of Cel l  B 

The components of one of the  c e l l  B assemblies a r e  shown i n  

Fig.  3 .  A b r i e f  descr ip t jon  of these  components i s  given below: 

a. 

b. 

C.  

d .  

e. 

f .  

g -  

Hydrogen container: 2-in.  d ia .  s tailess steel pipe with 

welded caps. 

Oxygen container:  same as hydrogen conta iner ,  except 

t h a t  i t s  volume i s  1/2 t h a t  of the  hydrogen conta iner .  

Ce l l  frames: 4-in. d i a .  s t a i n l e s s  steel ,  recessed f o r  

e lec t rodes  and O-ring. 

Hydrogen electrode:  1-5/8-in. d i a . ,  0 .022-in.- thick d i s c  

of wire-reinforced s in t e red  n i cke l ,  coated with platinum 
2 black a t  40 mg/in. 

Oxygen electrode:  s a m e  as hydrogen e l ec t rode  except where 

noted. 

Pressure gages: 0-100 p s i g ,  0-300 ps ig ,  and 0-600 psig.  

E lec t ro ly te :  35 percent KOH so lu t ions  impregnated i n  a 

d i s c  of asbestos  2-1/2 in .  d i a .  by 1/16 in .  thick.  

The six assemblies are shown i n  Fig.  4. The components 

of each assembly a r e  iden t i ca l  except fo r  t he  volumes of the  gas 

cyl inders .  The volumes are tabulated below, along with the  capac i ty  

per  un i t  of pressure a t  room temperature. 
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OF CELL 
A. Hydrogen container 
3. Oxygen container 

e l l  frame with "0" ring 
drogen electrode 
gen electrode 

B 

Asbestos bed 



Hydrogen Oxygen Capacity 
Assembly Volume Volume amp min/psi at 7OOF. 

A 270 135 2.38 
B 187 

C 1 50 

I D 140 

E 76 

I 

F 76 

As shown in Fin 

94 1.67 

75 1.32 

70 1.24 

38 

38 

0.66 

0.66 

4 ,  four of the assemblies are assembled in 
ovens for elevated-temperature testing and two in small metal cabinets 

for room-temperature testing. 

5.3 Description of Multicell 

The basic components of the multicell unit are the same as 

thusc a€ the six single cells described above. The electrodes again 
consist of platenized nickel for both H2 and 02, and the electrolyte 
bed is prepared in the same manner. 

trode size, gas manifolding, and electrical contacts. 

The only differences are in efec- 

An assembly drawing of the multicell unit is shown in Fig.6. 

As indicated the two gas cylinders (made of 4 inch diameter stainless 

steel weld caps) form an integral part of the unit. A flange is 

welded to each cylinder and contains six bolt holes along its perimeter. 

3olts are passed through the flange to connect each cylinder with a 

steel end plate. The end plates, in turn, contain six bolt holes for 

holding the entire unit together. 

The electrodes are held in place by nickel plated lucite cell 

spacers shown in Fig. 5. These spacers also serve the purpose of elec- 

trically connecting adjacent cells in series and distributing the gases 

to the electrodes. 

Neoprene "0" rings are employed to seal the gas manifolds 

and the electrode compartments. 

Fig. 7 shows the assembled unit under test. 
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LPLAllNJZED NiCKEL 
ASBESTOS BED HYDROGENELECTRODE IMPREGNATED WITH 

ELECTROLYTE 

FIG 8 SCHEMATIC OF SILVER HYDROGEN CELL 

15 84 -F ina 1 22 



5.4 Descript ion of Ag-H Cel l  

A schematic drawing of t he  Ag-H c e l l  assembly is  given i n  

Fig. 8 .  The e s s e n t i a l  components are t h e  c e l l ,  t h e  hydrogen s torage  

cy l inde r  and an accumulator. 

The c e l l  cons i s t s  of a s i l v e r - s i l v e r  oxide e l e c t r o d e ,  an 

e l e c t r o l y t e  of KOH so lu t ion  impregnated i n  an asbes tos  bed, and a 

hydrogen e lec t rode .  The silver e l ec t rode  w a s  taken from a s i l v e r - z i n c  

ba t t e ry .  The p l a t in i zed  n i cke l  hydrogen e l ec t rode  is  the  same a s  t h a t  

employed €or c e l l  '9''. 
same manner a s  for c e l l  "B". 

The e l e c t r o l y t e  bed i s  a l s o  prepared i n  the  

Pressure equal iza t ion  across  the  asbes tos  bed i s  accomplish- 

ed via the  use of an accumulator. 

is r e a d i l y  apparent a f t e r  inspect ion of Fig.  8 .  

up of hydrogen pressure  displaces  the  diaphragm wi th in  the  accumulator 

which, i n  t u r n ,  compresses t h e  a i r  on the  o the r  s i d e  so as to  equa l i ze  

the  pressures  on e i t h e r  s i d e  of t he  bed. 

The opera t ion  of t h i s  accumulator 

On charge the  bu i ld  
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6 .  RESULTS AND DISCUSSION 

The r e s u l t s  of the  experimental program a r e  presented i n  the  

fol lowing th ree  sections. 

of the  proposed H2-02 c e l l .  

i nves t iga t ions  of the  modified c e l l .  

r e s u l t s  of t he  prel iminary evaluat ion of a si lver-hydrogen c e l l .  

The f i r s t  s e c t i o n  dea l s  with t h e  eva lua t ion  

The second gives  the r e s u l t s  of t he  

The t h i r d  s e c t i o n  given the  

6.1 Charac t e r i s t i c s  of Cell  A 

The r e s u l t s  of t he  inves t iga t ions  of the  i n i t i a l l y  proposed 

c e l l  a r e  given i n  the  following subsect ions.  

6.1.1 Po la r i za t ion  Charac t e r i s t i c s  
- The voltage-current  curve of th i s  cel l  i s  g i v e n a t t h r e e  

temperatures Fig. 9. As indicated the  po la r i za t ion  for both charge 

and discharge is appreciably reduced by an increase  i n  temperature.  

room temperature the  po la r i za t ion  is  so l a rge  t h a t  t h e  sho r t  c i r c u i t  

cu r ren t  i s  but  a few ma/cm . 

A t  

2 

6.1.2 Cycle L i f e  

Extensive cycle l i f e  t e s t i n g  was not c a r r i e d  out  on 

t h i s  c e l l .  However, the  c e l l  was c a r r i e d  through 168 continuous cyc les  

over a LO day period without any apparent d e t e r i o r a t i o n .  On t h e  10th 

day the cell  was des t ruc t ive ly  t e s t e d  by excessive overcharging. 

5.1.3 Effec t  of Parameters on Cycling Performance 

The following r e s u l t s  a r e  based on the 100 minute 

cycle  : 

a .  Current e f f i c i ency  w a s  found t o  be markedly depen- 

dent on temperature. The e f f i c i e n c y  was found t o  

f i r s t  increase and then decrease as the  opera t ing  

temperature was r a i sed .  A maximum e f f i c i e n c y  of 

65 percent was found a t  a temperature near  278 F .  0 
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b. Current e f f i c i ency  w a s  a l s o  found t o  be markedly 

dependent on the e l e c t r o l y t e  content  of the  a sbes tos  

bed. The e f f i c i ency  was found t o  f i r s t  increase and 

then decrease as the  e l e c t r o l y t e  level was increased. 

A maximum e f f i c i ency  near  65 percent was found a t  an 

e l e c t r o l y t e  l eve l  near 0.90 cc of 35 percent KOH 

so lu t ion  per gram of asbestos .  

c .  Voltage e f f i c i ency  w a s  found t o  increase with 

operat ing temperature. 

68 percent ,  a t  a temperature near 340 F. 

The m a x i m u m  a t t a i n e d  w a s  
0 

6.2 C h a r a c t e r i s t i c s  of C e l l  ''13'' 

The c h a r a c r e r i s t i c s  of c e l l  B are presented i n  the  following 

subsections.  

6.2.1 Charge Retention 

Charge r e t en t ion  tests w e r e  conducted a t  var ious 

condi t ions of temperature and pressure t o  determine t h e  e f f e c t  of these  

parameters on s e l f  discharge.  

a .  30 Day Stand 

The resu l t s  of a 30 day stand tes t  a t  room temperature 

a r e  shown i n  Figures 10 and 11. Figure 10 gives the  v a r i a t i o n  i n  the  two 

gas pressures  during the  s tand.  As i nd ica t ed ,  the  dec l ine  i s  so s m a l l  a s  

t o  be almost neg l ig ib l e .  Figure 11 gives the discharge c h a r a c t e r i s t i c s  of 

the c e l l  a t  the  end of the 30 days. The current  X t i m e  output of 1.82 

a.h. was 91  percent of the  input of 2.00 a .h .  

b .  72 Hour Stands 

The r e s u l t s  of numerous 72 hour s tand tests a t  var ious 

conditions of temperature and pressure are given i n  Figure 12. This  curve 

c o r r e l a t e s  the  charge r e t en t ion  c h a r a c t e r i s t i c s  of t he  c e l l ,  expressed i n  

terms of percent l o s t  per hour,  with the ambient temperature. Analysis  of 

t h i s  curve e s t a b l i s h e s  the following r e l a t ionsh ips :  
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1. Effect  of Temperature a t  2OO0F 

Temperature has very  l i t t l e  e f f e c t  on charge 

r e t en t ion  f rm 7OoF t o  approximately ZOOOF. 

Within t h i s  range the  c e l l  r e t a i n s  over 90 
percent of i ts charge f o r  s tand  times of a t  

least 3 days. Based on t he  r e s u l t s  of Sect ion a . 

above, t h i s  statement may be amended t o  read 

30 days a t  room temperature.  Fur ther  examin- 

a t i o n  of Figure 12 i n d i c a t e s  t h a t  a t  temper- 
a tures  below approximately 170 0 F the  loss is 

e s s e n t i a l l y  zero f o r  a 3 day s tand .  

Effect  o f  Temperature Beyond 200°F 

As indicated i n  Figure 12 the  rate a t  which 

the  c e l l  looses i ts  charge increases  r a p i d l y  

2. 

with temperature beyond 200 0 F .  

3. Effec t  of  Pressure  

Charge r e t e n t i o n  appears t o  be nea r ly  inde- 

pendent o r  a t  least a very weak func t ion  of 

p r e s s u r e  t o  500 p s i g  ( the  maximum used t o  

da te ) .  The four  r o w  temperature tests 3 ,  

7, 9 ,  and 10 show f o r  example t h a t  the charge 

re ten t ions  a r e  i d e n t i c a l  and equal  t o  near ly  

100 percent a t  p ressures  of 8 5 ,  200, 4 2 5 ,  and 

500 ps ig .  

temperature t e s t s  2 and 4 a t  25OoF shows 

however t h a t  p ressure  has a 

t h i s  higher temperature,  i .e . ,  the  r a t e  a t  which 

the  c e l l  looses  i t s  charge increases  s l i g h t l y  

with an increase  i n  pressure.  

Comparison of t he  two e leva ted  

s l i g h t  e f f e c t  a t  

6.2.2 Pola r i za t ion  Studies  

The r e s u l t s  of t he  var ious po la r i za t ion  s t u d i e s  a r e  

given i n  the following subsect ions.  
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a .  Oxygen Electrode Evaluat ion 

The objec t ive  of t h e  oxygen e l e c t r o d e  s t u d i e s  was 

t o  f ind  an e l ec t rode  which showed less po la r i za t ion  than the  c u r r e n t l y  

employed p l a t i n i z e d  n icke l .  

The evaluat ion cons is ted  of the measurement of 

t o t a l  cel l  po la r i za t ion  using various oxygen e l ec t rodes .  

n i cke l  w a s  used as the  hydrogen e lec t rode  i n  a l l  tests and thus any 

d i f fe rences  would be d i r e c t l y  a t t r i b u t a b l e  t o  the  oxygen e l ec t rodes .  

P l a t i n i z e d  

Figure 13 shows t he  c e l l  p o l a r i z a t i o n  as a func t ion  

of var ious types of oxygen e lec t rodes .  As indicated by curve 1 the polar-  

i z a t i o n  of the  e l ec t rode  spec ia l ly  prepared by a b a t t e r y  manufacturer i s  

much less than t h a t  of a l l  the  others  which were inves t iga t ed .  

The l i t h i a t e d  n i cke l  oxide was found t o  show much 
0 less po la r i za t ion  a t  200 F (curve 5) than a t  room temperature (curve 6) 

due t o  its_properries as a semiconductor. (4) 
The p la t in ized  carbon e l ec t rode  (curve 2) showed 

exce l l en t  po la r i za t ion  c h a r a c t e r i s t i c s  e s p e c i a l l y  a t  low cu r ren t  den- 

s i t ies ,  but showed a de te r io ra t ion  i n  performance with time. 

The polar iza t ion  curves of a l l  o the r  carbon e l e c -  

t rodes  l i s t e d  below f e l l  within the a rea  between curves 5 and 6 .  

1. Type B + s p i n e l s  (See 4 . 1 ' 3 ~ )  

2. Type A + s p i n e l s  (See 4 . 1 . 3 ~ )  

3. Type C unact ivated (See 4.1.3) 

4 .  Type C ac t iva t ed  (See 4.1.3d) 

5. Type A + copper oxide (See 4.1.3f) 

6. Type A + cobol t  oxide (See 4.1.3f) 

7 .  Type A + chromium oxide (See 4.1.3f) 

8 .  Type A + n icke l  oxide (See 4.1.3f) 

9 .  Type A + i r o n  oxide (See 4.1.3f) 

b. E f fec t  of Pressure on Po la r i za t ion  

During the  course of the  charge-retent ion tes ts ,  the  

observat ion w a s  made t h a t  the  discharge vol tage  appeared t o  be s e n s i t i v e  
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t o  the  gas pressure.  

w a s  undertaken. 

Consequently, an examination of t h i s  r e l a t i o n s h i p  

Figure 14 gives the  room-temperature po la r i za t ion  

for both charge and discharge a t  t h ree  d i f f e r e n t  pressures .  Inspec t ion  

of t h i s  f i gu re  revea ls  t h a t  the discharge vol tage is  markedly dependent 

upon pressure.  For example, i f  t he  pressure is  increased from 50 t o  

200 ps ig ,  the  discharge voltage increases  by approximately 0.1 v o l t s  

a t  20 malm . The charge voltage is a l s o  found t o  be dependent upon 

pressure ,  but i n  t h i s  ca se ,  the e f f e c t  is  not a s  pronounced. 

2 

c .  E f fec t  of Temperature on Po la r i za t ion  

The voltage-current curve of c e l l  B i s  given a s  a 

func t ion  of temperature i n  Figure 15. As i nd ica t ed ,  t he  opera t ing  ten- 

pera ture  has a marked e f f e c t  on po la r i za t ion .  

temperature i s  r a i sed  from 8OoF t o  180°F, the  discharge vol tage increases  

by approximately 0.1 v o l t  a t  20 ma/cm . 

For example i f  t he  

2 

6.2.3 Cycle L i f e  Test ing 

Three cycle  l i f e  t e s t s  have been c a r r i e d  out i n  order  

t o  a s c e r t a i n  the  adverse e f f e c t s ,  i f  any, of continued cyc l ing  on c e l l  

performance. 

a .  65/35 Cycle a t  70°F 

This  cycle test has  consis ted of a 65 minute charge 

Automatic cyc l ing  equip- a t  125 m a  and a 35 minute discharge a t  200 m a .  

ment has  been employed t o  run the test  on a continuous 24 hr/day b a s i s .  

Cycling w a s  i n i t i a t e d  i n  November, discont inued f o r  a t i m e  i n  January,  

and continued again i n  February u n t i l  the  present  t i m e .  The d iscont in-  

ua t ion  occurred a t  the  end of t h e  417th cyc le  a t  which t i m e  t he  vol tage  

dropped suddenly t o  zero 

cause f o r  t he  vol tage f a l l  was a t t r i b u t e d  t o  an ex te rna l  s h o r t  c i r c u i t  

in the middle of a discharge per iod.  The 

i n  the  assembly. Disassembly and examination of the  c e l l  revealed no 

apparent d e t e r i o r a t i o n  of the  e lec t rodes  and the  weight of the  asbes tos  

bed ind ica ted  a very low loss of water.  The c e l l  was reassembled with the  

Same components and s t a r t e d  cycling again.  Although t h e  charge and 
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discharge vol tages  were found t o  be somewhat d i f f e r e n t  than f o r  the  

f i r s t  417 cycles ,  they have been constant  for t he  pas t  s e v e r a l  hundred 

cyc les .  Because of minute gas leaks the  charge cu r ren t  has  been i n -  

creased and the  discharge current decreased. The vol tage  f o r  a t y p i c a l  

cyc le  is given i n  Figure 16 

1100 cycles  f o r  an opera t ing  time of m o r e  than 1800 hours.  

. Altogether  the c e l l  has canpleted over 

b. 60/300 Cycle a t  70OF 

This  cycle has  cons is ted  of a 60 minute charge a t  

1.0 amp and a 300 minute discharge a t  0.2  amps. 

conducted on a semi-continuous b a s i s ,  i.e. one 6 hour cyc le  per day. 

This  p a r t i c u l a r  cyc le  employs a g rea t e r  "depth" 

This  test has  been 

of discharge than the  above 65/35 cycle;  i .e. a g rea t e r  percentage of 

t h e  water is removed from the  bed v i a  e l e c t r o l y s i s  and the  bu i ld  up of 

gas pressure  is correspondingly higher .  

Cycling was i n i t i a t e d  i n  January and has  been con- 

t inued u n t i l  the present  time. Altogether the  c e l l  has  c w p l e t e d  70 

cyc les  f o r  an operat ing time of 116 hours .  The charge and discharge 

vol tages  have been near ly  iden t i ca l  from cycle  to  cyc le  i n d i c a t i n g  no 

de le t e r ious  e f f e c t  of cyc l ing  on performance. The vol tage  f o r  a 

t y p i c a l  cycle  is given i n  Figure 17. 

c. 65/35 Cycle a t  200°F 

This test was i n i t i a t e d  during the  last  month of 

t h e  program and ths been i n  progress t o  the  present  time. 

i d e n t i c a l  t o  the one i n  Sect ion 6.2.3.a except t h a t  t h e  opera t ing  tem- 

pera ture  has  been maintained a t  200 F (versus  70 F in t h e  above test). 

To da t e  the  c e l l  has completed 160 cyc les .  

Figure 18 has remained constant from cyc le  t o  cyc le .  

The cyc le  is 

0 0 

The vol tage  as shown i n  

6.2.4 Capacitx 

The theo re t i ca l  capac i ty  of the  c e l l  is r e l a t e d  to  the 

w a t e r  content of the asbestos  bed. 

t h e  water t i m e s  the  electrochemical equivalent  of the  water (approximately 

3a-h/gm). Based on the  water content of the  bed (Sec. 4 . 2 )  t h e  t h e o r e t i c a l  
2 capac i ty ,  expressed i n  terms of u n i t  area, is  3.9 amp-hrs/in . 

This capac i ty  is  equal t o  the  weight of 
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I n  p rac t i ce  however, t h i s  t h e o r e t i c a l  capac i ty  cannot 

be obtained f o r  i f  a l l  of the  water were e l ec t ro lyzed  from the  asbes tos  

bed, the  beds' r e s i s t ance  t o  gas flow would be less, r e s u l t i n g  i n  a 

r ap id  gas mixing and subsequent s e l f  discharge of the  cel l .  

Analysis  of t he  charge r e t e n t i o n  tests i n d i c a t e s  t h a t  

f o r  reasonably good charge r e t en t ion  c h a r a c t e r i s t i c s  (less than 1 per-  

cent  loss a f t e r  3 days) the  amount of w a t e r  t h a t  can be e l ec t ro lyzed  

f r m  the  bed is  approximately 0.67 -/in 

c i t y  is 2.0 amp-hrs/in . 
2 and t h e  corresponding capa- 

2 

6.2.5 Environmental Test in@, 

A s e r i e s  of environmental tests w a s  conducted on 

the  c e l l  a t  t he  Jet Propulsion Laboratory. These tests were intended 

t o  s imulate  f l i g h t  environment conditions i n  both t h e  boost-phase and 

space f l i g h t  phase of the  Mariner spacecraf t  program. The c e l l  opera- 

t e d  p e r f e c t l y  while on both charge and discharge throughout t h e  t e s t i n g  

program. For a l l  t h e  tests in the series the  charging cu r ren t  w a s  1.0 

amp and discharging cur ren t  100 milliamps. 

A b r i e f  descr ip t ion  of each tes t  i s  given below and 

the  performance of the  c e l l  p r ior  t o  and following the  t e s t  s e r i e s  i s  

shown i n  Figures 19 and 20. 

a .  S t a t i c  Acceleration 

This  test  simulates condi t ions  encountered by the  

spacecraf t  during booster burning. The test was c a r r i e d  out  i n  accord- 

ance with JPL Spec. 30250, paragraph 4.3.1. The c e l l  w a s  subjec ted  t o  

a s ta t ic  acce le ra t ion  along the  th rus t  axis i n  a forward d i r e c t i o n  of 

14g f o r  5 minutes and 4g f o r  5 minutes i n  the  reverse  d i r e c t i o n .  

F i n a l l y ,  i t  was given 6g f o r  5 minutes i n  the  orthogonal d i r e c t i o n .  

b. Vibrat ion 

The following t e s t s  w e r e  intended t o  simulate 

damaging e f f e c t s  due t o  s t r u c t u r a l  e x c i t a t i o n  and acous t i c  coupling 

during booster  burning. 

low frequency and high frequency v ib ra t ion .  

The test w a s  divided i n t o  two p a r t s ,  t h a t  of 

1584 -F ina 1 36 



1.2 

I .o 

0.8 
v) 5 0.6 
0 ’ 0.4 

0.2 

0 

i .8 

1.6 

1.4 

I. 2 

0 
> 0.8 

0.6 

0.4 

0.2 

0 

15 84-Fina 1 

0 

i i 1 i 1 

- T E M P E R A T U R E  = 80°F 
DISCHARGE CURRENT = 0.1 Amperes 

1 1 1 f 1 

10 20 30 40 50 60 
TI  M E ( minutes ) 

FIG 19 VOLTAGE VS TIME BEFORE AND 
AFTER ENVIRONMENTAL TESTS 

I 1 
BEFORE TESTS 7 

I C H A R G E  D i S C H A R G E, 

15.0 7.5 0 7.5 15.0 
CURRENT D E N S I T Y  ( m o / c m 2 )  

FIG 20 POMIZATION BEFORE AND 
AFTER ENVIRONMENTAL TESTS 

37 



n 
m 
8 
P 

w 
3 
v) 
v) 
w 

Q 

.- 
Y 

a 

a 

v) 5 0.6 
0 ’ 0.4 

0.2 

0 

300 1 1 I I I I I I I 1 
I 1 

- - 
I (ove.) = 0. I5 Amperes - - 

- - P=IOOpsig 
I I f I f I f I I 

0 2 4 6 8 IO 12 14 16 18 20 
AMPERE HOURS 

l e o  t P = 225 psig 
0.8 

- 

0 2 4 6 8 IO 12 14 16 18 20 
TI ME (hours) 

FIG 21 DISCHARGE CHARACTERISTICS AFTER OVERCHARGE 

l f 8 4 - F i n a l  38 

6 

5 

4 
u, 

35 
2’ 

0 

I 

0 



1. Low frequency v ib ra t ion :  

This test was conducted according to  3pL 

Spec. 30250, paragraph 4.3.2.11. The c e l l  was  subjec ted  t o  s inuso ida l  

f requencies  between 1 and 40 cps f o r  24 minutes i n  the  two orthogonal 

d i r ec t ions .  

2. H i g h  frequency v ib ra t ion :  

This  test a s  ou t l ined  i n  JPL Spec. 30250, 

paragraph 4.3.2.1.2, consists of a programed sequence of band-limited 

white Gaussian no i se  and combined no i se  and s inuso ida l  v ib ra t ion .  

Shock c -  - 
The following test was intended t o  s imulate  the  

high frequency-high amplitude shocks a s soc ia t ed  with separa t ion  from 

the  launch vehic le .  In accordance with JPL Spec. 30250, paragraph 

4.4.1, i t  cons is ted  of t w o  200g, 0.5 t o  1.5 mil l i second shocks,  p a r a l l e l  

and perpendicular t o  the  t h r u s t  axis. 

6.2.6 E f f e c t  of Overcharge 

I n  order  t o  t e s t  f o r  p o t e n t i a l  s a f e t y  hazards  i n -  

volved i n  the  operat ion of the  c e l l ,  assembly A was given an exces- 

s i v e  charge i.e. an input  greater  than t h a t  required t o  e l e c t r o l y z e  

a l l  of the  water f r m  the asbestos bed. 

The v a r i a t i o n  of both gas pressures  and c e l l  vo l tage  

with input  a r e  shown i n  Fig,  21. The v e r t i c a l  dashed l i n e  near 8.0 

amps-hrs corresponds t o  the  input requi red  t o  e l ec t ro lyze  a l l  of t he  

water i n  the  bed. 

Inspect ion of Fig .21  r evea l s  t h a t  t h e  c e l l  vo l tage  

remained constant  a t  2.0 v o l t s  f o r  t he  f i r s t  8.0 amp-hrs of input .  

This  vo l tage  i s  i n  accordance with the  room temperature p o l a r i z a t i o n  
da ta  f o r  the  ind ica ted  charging cu r ren t  of 2.0 amps (150 m a / c m  2 ) . 
The gas pressures  were also found t o  increase  l i n e a r l y  with i n p u t ,  as 

i s  usual ,  t o  8.0 amp-hrs, 

As the  charge w a s  increased beyond 8.0 amps-hrs t h e  

ce l l  vol tage w a s  found t o  f i r s t  increase  sharp ly ,  then decrease,  and 
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f i n a l l y  level o f f  a t  2.5 volts.  The gas pres su res  were found t o  

inc rease  a t  a slower rate, thendecrease and l e v e l  o f f  a t  a lower 
value.  The cel l  temperature, not shown, var ied  i n  accordance with 

the gas pressure  i .e,  increased f r a n  roan temperature t o  a maXinnm~ 

of 44°C and then leve led  o f f  near 35OC. 

The r e s u l t s  of t h i s  test i n d i c a t e  t h a t  an excessive 

charge does not  cause any s a f e t y h a z a r d  i.e. an  explosion. 

undoubtedly recombine chemically t o  form water bu t  t he  recombination 

ra te  i s  not  f a s t  enough to  be explosive i n  na ture .  The mechanism of 

recombination m O s t  l i k e l y  involves the  d i f f u s i o n  of one gas &rough 

the  asbes tos  bed and chemical recombination with the  o the r  gas on the  

su r face  of t he  p l a t in i zed  n icke l  e lec t rode .  

The gases 

The discharge c h a r a c t e r i s t i c s  of t h i s  c e l l  after the  

overcharge test are shown i n  Fig.  21. 

p l i e s  a t  the time of t h i s  test the discharge w a s  c a r r i e d  out  with a 

rheos t a t .  Consequently the  discharge cur ren t  was not  cons tan t  i .e.  

0.2 amp a t  the  s t a r t  and 0.1 amp a t  the  end. 

cur ren t  of 0.15 amp the  output i s  found t o  be 1.85 amp-hrs, o r  0.925 

amp-hrs/in . 

Due t o  a lack of power sup- 

Assuming an  average 

2 

6.2.7 E f fec t  of Sudden Pressure Release 

In  order  t o  gain more information concerned with the  

poss ib le  s a f e t y  hazards involved i n  the  operat ion of the  c e l l s  being 

developed, the  following tests were conducted with assembly B conta in ing  

p l a t i n i z e d  n icke l  e lec t rodes .  

a .  The c e l l  was charged a t  room temperature f o r  a 

period of time such t h a t  t he  H and 0 pressures  

w e r e  near 100 ps ig .  A t  t h i s  p o i n t ,  the  H cy l inder  

was opened to  t h e  atmosphere, permi t t ing  the  €I2 gas 

t o  escape and the  H 

Then, t h e  H cy l inder  was c losed .  A f t e r  a few min- 

U t e s ,  the  O2 pressure  began t o  dec l ine  and the  H2 

pressure began t o  r i s e ,  i nd ica t ing  the  t r a n s f e r  of 

2 2 

2 

pressure  t o  r e t u r n  t o  0 psig.  2 

2 
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b. 

C. 

O2 i n t o  t h e  H cy l inder .  Af t e r  s eve ra l  minutes,  

the  t w o  pressures  w e r e  nea r ly  equal .  

During the whole cour se  of  t h i s  run RO explosion 

took place. 

The sarae experiment as i n  "a" was conducted, except 

t h a t  i n  t h i s  case ,  t he  0 cy l inder  w a s  opened t o  2 
the  atmosphere. 

Experiments "a" and "b" above w e r e  repeated a t  2OOoF 

As before,  no explosion was found t o  occur i n  e i t h e r  

case.  

2 

As before ,  no explosion occurred. 

6.2.8 E f f e c t  of Pressure D i f f e r e n t i a l  

During the ea r ly  s t ages  of inves t rga t ion  of c e l l  B 

t h e  c e l l  vo l tage  w a s  found on occasion t o  drop suddenly t o  zero i n  the  

middle of a discharge period. 

drop w a s  always accompanied by a l a r g e  pressure  d i f f e r e n t i a l  between 

the  H2 and 02. 

Observation ind ica t ed  t h a t  the  vol tage 

Consequently a s tudy w a s  made of the  e f f e c t  of pres -  

su re  d i f f e r e n t i a l  on discharge vol tage.  

opera t ing  the  c e l l  a s  a primary kupplying the  gases from ex te rna l  

cy l inders )  and manually applying a pressure  d i f f e r e n t i a l  while the  

cel l  w a s  on discharge.  

The s tudy cons is ted  of 

The r e s u l t s  of t h i s  s tudy ind ica ted  t h a t  i f  t he  

pressure  d i f f e r e n t i a l  (H 

approximately 10 ps ig  the  c e l l  vol tage i s  s t a b l e .  When the  d i f f e r e n t i a l  

is  g rea t e r  than this  value h o w v e r , t h e  vol tage  drops suddenly t o  zero. 

Design of t h i s  c e l l  f o r  a given app l i ca t ion  must take  

t h i s  r e s u l t  i n t o  account. The volume r a t i o  of the  H and 0 cy l inde r s  

must be a s  c lose  as poss ib le  t o  2/1 i n  order  t h a t  the  pressure  d i f -  

f e r e n t i a l  be less than 10 p s i g  when the  c e l l  i s  charged t o  a pressure  

grea te r  than O2 or v i c e  versa) i s  less than 2 

2 2 

of say 500 psig.  I f  the volume r a t i o  i s  no t  p rec i se ly  con t ro l l ed ,  

t h e n g s e  may be made of a pressure equal izer  t o  keep the  d i f f e r e n t i a l  

within the  10 p s i g  l i m i t .  

r e a d i l y  be incorporated within the  system. 

Such an equal izer  (See Sec t ion  5.4) may 
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6.2.9 Mul t i ce l l  

The c h a r a c t e r i s t i c s  of the  9 cel l  u n i t  a r e  descr ibed 

below. 

a .  Polar iza t ion  C h a r a c t e r i s t i c s  

The vol tage-current  c h a r a c t e r i s t i c s  of t he  u n i t  

The VI1 d a t a ,  when expressed i n  t e r m s  of a r e  given i n  F ieure  23. 

v o l t s  per cell versus cur ren t  dens i ty ,  corresponds to wi th in  10 percent  

of the same data  for the small  s ing le  c e l l  l a b  models. Hence, t he re  

i s  no s c a l i n g  e f f e c t  due t o  the  s i ze  of t h i s  u n i t .  

b . Discharge Charac t e r i s t i c s  

The discharge voltage-time curves f o r  the  u n i t  a r e  

The s l i g h t  dec l ine  i n  vol tage  with time can presented i n  Figure 22. 

be a t t r i b u t e d  t o  the  decrease i n  pressure  ( see  Sec t ion  6.2.2b). 

The phenomzna of cel l  r eve r sa l  was  observed on 

several occasions during discharge.  A t  these  times the  vol tage  of 

one of the  9 c e l l s  w a s  found t o  drop suddenly t o  zero  and then become 

negative (0.2 t o  0.8 v o l t s ) .  

This  phenomena can be explained on the  b a s i s  of 

a f a u l t y  c e l l  which cannot maintain a vol tage a s  high a s  the  o the r  

c e l l s  and i s  subsequently given a negat ive charge by them, 

The i n a b i l i t y  of t he  c e l l  t o  maintain i t s  vol tage  

is a t t r i b u t e d  t o  one o r  more of severa l  con t ro l l ab le  f ac to r s .  h e  such 

f a c t o r  may be gas s t a r v a t i o n  brought about by a r e s t r i c t i o n  i n  the  i n l e t  

manifold. 

f a u l t y  p l a t i n i z a t i o n  s t e p .  High i n t e r c e l l  r e s i s t i v e  r e s i s t a n c e s  and 

poor e l ec t rode  - e l e c t r o l y t e  contact i.e. the  e l ec t rode  is not  f lu sh  

aga ins t  the  asbestos  bed, a r e  two add i t iona l  f a c t o r s .  

Another such f a c t o r  is  an i n a c t i v e  e l ec t rode  caused by a 

Future development on t h i s  and subsequent u n i t s  

should take these f a c t o r s  i n t o  account. Extensive t e s t i n g  should be 

ca r r i ed  out before assembly of the u n i t  t o  i n su re  t h a t  a l l  c e l l s  a r e  

i d e n t i c a l  and thereby el iminate  the p o s s i b i l i t y  of c e l l  r e v e r s a l .  
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The t o t a l  weight of the  9 c e l l  u n i t  is  10.5 l b s .  

Of t h i s  t o t a l  the  f u e l  c e l l  portion accounts f o r  2.0 l b s .  while the  

balance,  8.5 lbs . ,  i s  due t o  the weights of t h e  gas c y l i n d e r s ,  end 

p l a t e s ,  f i t t i n g s ,  b o l t s  and nuts .  

weight i s  thus seen t o  be associated with these  non-fuel c e l l  components. 
The major por t ion  of t he  total  

An appreciable reduct ion i n  t o t a l  weight can 
. r e a d i l y  be accomplished by redesigning the non-fuel c e l l  components. 

The gas cyl inder  f o r  example could be made much th inner .  On the  bas i s  

of t he  equat ion for a t h i n  walled pressure ves se l  the  required thickness  

may be ca lcu la ted  a s  follows: 
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t = -  hd) x Safe ty  Factor where: t = thickness ,  inches 2s 
P = i n t e r n a l  pressure  

P s i  
D = diameter,  inches 

S = allowable stress 
p s i  

Given all allowable stress of 100,OOO p s i ,  a 

diameter of 4 inches,  and an in t e rna l  pressure  of 400 p s i ,  t he  required 

thickness  with a s a f e t y  f ac to r  of 4 is approximately 1/32 inch. 

a c t u a l  thickness of 1/4 inch is  thus seen t o  be 8 times g rea t e r  than is 

necessary. Considering t h a t  t h e  material of construct ion is  steel, the  

use of a thinner  s ec t ion  would r e s u l t  i n  an appreciable  weight saving. 

S h i l a r l y  the  end p l a t e s  which cons i s t  of 5/16 inch steel can be shown 

t o  be over designed. Smaller f i t t i n g s  could be employed and the  heavy 

The 

b o l t s  could be replaced by a s t rap .  

These weight saving f ea tu res  were not  brought i n t o  

the  o r i g i n a l  design, because a t  t h a t  time i t  was f e l t  t h a t  t h e  emphasis 

of the  program should be t h e  rapid development of a r e l i a b l e  working 

model. Now t h a t  t h e  un i t  has  reached t h i s  s t age  of development, these  

and o ther  modifications t o  lower i t s  weight and improve ove ra l l  per- 

formance and design can be introduced. 

6.3 Charac t e r i s t i c s  of Cell  C 

A l i m i t e d  amount of data has been obtained on the  charac- 

t e r i s t i c s  of the  silver-hydrogen cell.  The inves t iga t ions  t o  da t e  

have been of an exploratory nature. 

The c e l l  appears t o  o f f e r  a p o t e n t i a l l y  high power e f f i c i e n c y  

as ind ica ted  by the  following data fo r  a room temperature cycle:  

Charge current 50 m a  

Charge voltage 1.16 v o l t s  

Charge time 2.1 h r s  

Discharge current  50 m.a. 

Discharge voltage 1.12 v o l t s  

Discharge time 2.0 h r s  
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Voltage e f f i c i ency  96.5 percent  

Current e f f i c i ency  95.0 percent  

Power e f f i c i e n c y  91.7 percent  

Although the  ce l l  operates a t  high e f f i c i e n c y  i t s  f e a s i b i l i t y  

may be l imited by i ts  charge r e t en t ion  characteristics, 

r e s u l t s  indicated a very high se l f  discharge rate of 0.2 percen t lh r  a t  

room temperature and 1.9 percentlhr a t  60 C. 

s e l f  discharge i s  n o t  known a t  t h e  present  t i m e ,  

The f i r s t  test 

0 The cause f o r  the  high 
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7.  CONCLUSIONS 
The high se4f discharge rate of cell A 

of this cell to the condition of continuous 

time of less than two hours. The operating 

be maintained between 200 and 300°F. 

would limit the application 
cycling with total cycle 

temperature would have to 

The self discharge rate of cell B is essentially zero from room 
0 temperature to 170 F and pressures to 500 psig. Nearly 1002 of the 

charge is retained for at least 3 days. 

retains nearly all of its charge for at least 30 days. 

The self discharge rate of ceff 3 increases rapidly with tempera- 

At room temperature the cell 

0 ture beyond 200 F. 

2.1 %/hr at 250°F. 

charge" at these elevated temperatures. 

The loss is for example 0.5Uhr at 210°F, and 

The loss could be compensated for by a "trickle 

Cell 3 with platinized nickel electrodes for H2 and O2 can com- 

plete at least 1100 shallow cycles and at least 70 deep cycles at 

room temperature without appreciable loss in performance. 

the cell can complete at least 150 cycles without any loss in per- 

f ormance . 

At 200°F 

The radioactive treated oxygen electrode exhibits significantly 

less polarization than any of the 30 different types that were exam- 

ined. A platinized nickel oxygen electrode exhibits somewhat more 

polarization than the radioactive one, but somewhat less than most 

of the others. One type of platinized carbon is equivalent to the 

platinized nickel as an oxygen electrode. 

Both pressure and temperature have a marked effect on the 

polarization of cell B with platinized nickel electrodes for both H2 

and 02. 

markedly and the charge polarization to a lesser extent. 

in temperature markedly lowers both charge and discharge polarization. 

A n  increase in pressure reduces the discharge polarization 

An increase 
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The performance of a mul t i ce l l  un i t  with la rge  diameter e lec t rodes  

can be r e l i a b l y  predicted on the  bas i s  of the performance of s ing le  

c e l l s  with small diameter e lectrodes i f  a l l  c e l l s  a r e  i d e n t i c a l .  If a l l  

c e l l s  a r e  not i d e n t i c a l  then the  phenomena of c e l l  r eve r sa l  can occur, 

C e l l  E can withstand excessive overcharge without causing any 
2 sa fe5yhaza rd .  

excessive overcharge. 

The c e l l  can also d e l i v e r  at l e a s t  0.92 a-Min after an 

C e l l  B can withstand a sudden r e l ease  of e i t h e r  of the gases with- 
0 

out causing any sa fe ty  hazards a t  both room temperature and 200 F. 

The silver-hydrogen c e l l  exhib i t s  except ional ly  high vol tage 

e f f i c i e n c i e s .  
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